We review twentieth century and projected twenty-first century changes in climatic and hydrologic conditions in the northeastern United States and the implications of these changes for forest ecosystems. Climate warming and increases in precipitation and associated changes in snow and hydrologic regimes have been observed over the last century, with the most pronounced changes occurring since 1970. Trends in specific climatic and hydrologic variables differ in their responses spatially (e.g., coastal vs. inland) and temporally (e.g., spring vs. summer). Trends can differ depending on the period of record analyzed, hinting at the role of decadal-scale climatic variation that is superimposed over the longerterm trend. Model predictions indicate that continued increases in temperature and precipitation across the northeastern United States can be expected over the next century. Ongoing increases in growing season length (earlier spring and later autumn) will most likely increase evapotranspiration and frequency of drought. In turn, an increase in the frequency of drought will likely increase the risk of fire and negatively impact forest productivity, maple syrup production, and the intensity of autumn foliage coloration. Climate and hydrologic changes could have profound effects on forest structure, composition, and ecological functioning in response to the changes discussed here and as described in related articles in this issue of the Journal. Résumé : Nous avons passé en revue les changements dans les conditions climatiques et hydrologiques survenues pendant le 20 e siècle et projetées au cours du 21 e siècle dans le nord-est des É tats-Unis ainsi que les répercussions de ces changements sur les écosystèmes forestiers. Un réchauffement du climat et une augmentation des précipitations ainsi que des changements dans les régimes nivologique et hydrologique ont été observés pendant le dernier siècle et les changements les plus prononcés sont survenus depuis 1970. Les tendances de variables climatiques et hydrologiques spécifiques diffèrent dans l'espace (p. ex. zone côtière vs intérieur des terres) et dans le temps (p. ex. printemps vs été) dans leur réponse.
Introduction and overview of climate and hydrology in the region
Introduction At a regional scale, interpretations of the effects of recent climate change and predictions of the potential effects of future climate change on natural ecosystems require not only an understanding of the long-term patterns of climate variability (including trends) within that region, but also insights into how weather and climate affect processes within these ecosystems at time scales of days to years. Here, we provide a synthetic overview of recent climate change research in the northeastern United States, with an emphasis on studies in New England and the state of New York. We then discuss some of the process-level effects of these changes on forest and aquatic ecosystems, particularly those mediated by hydrology. This overview provides a context for more detailed studies on the effects of climate variability and change on forest composition and productivity (Mohan et al. 2009 ); pests, pathogens, and invasive species (Dukes et al. 2009 ); nutrient cycling (Campbell et al. 2009 ); and wildlife (Rodenhouse et al. 2009 ).
Climate of the northeastern United States
New England weather and climate are highly variable both spatially and temporally and include extremes of hot and cold temperatures, droughts, heavy rainfall, hurricanes, tornadoes, and blizzards (Ludlum 1976; Zielinski and Keim 2003) . These variations are influenced by many factors related to the physical geographical setting, including the region's latitude and coastal orientation. The following discussion of climate in New England is adapted from Keim (1998) . Large-scale atmospheric circulation patterns, such as the Hadley Cell circulation to the south and the polar front to the north, influence winds that frequently converge between 408 and 608N. The region's prevailing surface winds are westerlies, fed by the subsiding air from the Hadley Cell to the south and dominated by continental airflow. Polar easterlies, fed by polar front circulation, are characterized by extremely cold, dry air and compete for influence on the weather in this region. This dynamic boundary generally lies near New England, and the region can be on either side of the boundary at any time of the year. Shifts from one air mass to another have dramatic consequences for the region's weather. In winter the polar front is typically located on the south side of New England, and the region is dominated by colder and drier air masses from Canada. In summer the polar front relocates farther north, placing New England south of the boundary in warm and more humid air.
The region is dominated by a cold-water current along its east coast (coastal Maine, New Hampshire, and eastern Massachusetts) and a warm-water current along the south shore (coastal Connecticut, Rhode Island, and southern Massachusetts). New England has mountainous topography, which also influences weather patterns. Mountains can enhance precipitation on the windward side and create drier conditions on the downwind slopes, known as the rain-shadow effect. Increases in elevation also lead to cooler air temperatures, higher humidity levels, increased cloud immersion, and more wind (e.g., Richardson et al. 2004) .
Pressure systems are associated with waves in the prevailing westerlies. Waves are combinations of troughs and ridges. Troughs are areas where the polar front jet stream (PFJ) bends southward and curves in a counter-clockwise direction. Ridges are areas where the PFJ bends northward and curves in a clockwise direction. Surface low-pressure centers are associated with troughs in the PFJ, and surface high-pressure centers are associated with ridges in the PFJ. These pressure systems generally migrate across the region from west to east and are steered latitudinally by the PFJ. These migratory pressure systems are the primary weather producers in New England. Lows are associated with upward vertical motion, cloudiness, and precipitation, and rotate in a cyclonic (counter-clockwise) direction. Highs are associated with downward vertical motion, clear skies, and dry conditions, and rotate in an anticyclonic (clockwise) direction. Bradbury et al. (2002) have shown that the position of the East Coast trough (characterized by the trough axis index) and its intensity are related to winter precipitation amount and winter temperature in New England. An eastward displacement in the trough axis index is associated with below-average regional precipitation, particularly at inland locations. Both the northeastern North Atlantic oscillation and sea surface temperatures are related to longitudinal shifting of the trough axis, such that cool regional sea-surface temperatures and negative North Atlantic oscillation index months frequently accompany an eastward displacement in the trough axis index.
Temperature and precipitation gradients across the region
Mean annual surface air temperature across the northeastern United States varies from *0 to 4 8C in northernmost and high-elevation areas to *10 to 13 8C in the southernmost and low-elevation areas (National Climatic Data Center 2002) . Temperatures along the coast are moderated by the ocean and are less extreme than temperatures even a short distance inland. Precipitation varies across the region from *95 to 130 cmÁyear -1 , with the highest precipitation in mountainous areas (Moody et al. 1986 ). Apart from mountainous regions there is a general tendency for a small decrease in precipitation moving inland from coastal regions. Precipitation is distributed relatively uniformly throughout the year. Median total seasonal snowfall ranges from more than 250 cm in northern New England to less than 100 cm in southern New England (Cember and Wilks 1993) . Major storms can occur in any month of the year, typically in the form of nor'easters or, more infrequently, tropical storms and hurricanes (Zielinski and Keim 2003) . Nor'easters differ from tropical cyclones in that nor'easters are cold-core lowpressure systems, meaning that they thrive on cold air. They are capable of causing major flooding, very large snowfalls, and wind damage, all of which can adversely affect forests. The frequency and severity of land-striking tropical storms and hurricanes are substantially lower in the northeastern United States than in many locations along the Gulf Coast and Atlantic seaboard ).
Hydrology of the northeastern United States
Seasonal streamflow amounts and timing are related, in part, to air temperature and the relative amount of precipita-tion falling as rain or snow. Seasonally, the largest streamflows occur during spring snowmelt, particularly when rain falls on snow or on saturated soils before vegetation has leafed out or begun to transpire at appreciable rates. As average air temperature decreases and the ratio of snow to rain increases from south to north across the region, the proportion of streamflow occurring during the spring increases and winter flow decreases. In northern New England, high spring flows are typically followed by low summer flows, increasing fall flows (as transpiration decreases), and lower winter flows (as precipitation is stored in snowpacks). Relative differences in monthly discharges across the region can be seen by comparing representative streams among different states (Moody et al. 1986 ). Mean annual runoff varies considerably across the region, from about 50 cmÁyear -1 or less in the southernmost areas to 75 cmÁyear -1 or more in northern mountainous areas (Moody et al. 1986 ). Moreover, there are strong elevation effects on mean annual runoff, runoff variability, low flows, and peak flows that reflect general orographic patterns (Dingman 1981) .
Annual total stream runoff as a proportion of rainfall tends to decrease with increasing surface air temperature because of increasing rates of evapotranspiration and lengthening of the growing season (Huntington 2003 ). An empirical relation, based on a consistent historical period (where period averages of temperature and evapotranspiration were computed), shows that annual evapotranspiration increases at a rate of *3 cmÁ8C -1 across the eastern United States (Church et al. 1995; Huntington 2003) .
Historical changes in climatic, hydrologic, and cryospheric variables

Surface air temperature
Recent analyses of historical records have shown that climate in the northeastern United States has changed over the past 100 years, with significantly larger changes observed since 1970. However, because of steep climatic gradients, oceanic influences on coastal regions, and substantial variations in topography over relative short distances, temporal changes in climate-related variables differ across the region (Dingman 1981; Keim et al. 2003 Keim et al. , 2005 Trombulak and Wolfson 2004) . Surface air temperatures have warmed across the region by 0.08 ± 0.01 8C/decade (mean ± 1 SE) over the last century Trombulak and Wolfson 2004; Hayhoe et al. 2007) (Fig. 1 ). This rate has increased significantly over the recent three decades to a rate of 0.25 ± 0.01 8C/decade ). The greatest changes over the last 35 years occurred in winter (Dec.-Jan.-Feb.), which has warmed at 0.70 ± 0.05 8C/decade, compared with an increase of 0.12 ± 0.02 8C/decade during summer (June-July-Aug.) ). On average, observed annual temperatures in the 1990s were 0.6 8C warmer than the 1900-1999 long-term mean. In the 1990s, differences between annual temperatures and the long-term mean were also greater in winter (1.1 8C) than summer (0.4 8C) .
Maximum temperature extremes (95th percentile annual exceedances) increased in the northeastern United States from 1960 to 1996 at most stations (DeGaetano and Allen 2002). In contrast, most stations showed the opposite trend, i.e., decreasing occurrence of maximum temperature extremes, from 1930 through 1996. The 1930s, and to some extent 1950s, were exceptionally warm periods that were associated with spatially coherent drought conditions (DeGaetano and Allen 2002) . Trends in the annual occurrence of extremely cold temperatures display an analogous decrease (warmer minimum temperature extremes) during 1960-1996. Minimum temperatures appear to be increasing more than maximum temperatures; a higher proportion of stations showed warmer minimum temperatures than warmer maximum temperatures from 1960 to 1996. A recent analysis of winter air temperature in the northeastern United States for the period 1965-2005 reported that regional mean, minimum, and maximum temperatures were increasing at rates ranging from 0.37 to 0.43 8C/decade (Burakowski et al. 2008) .
Precipitation and related variables
Average annual precipitation increased in the New England region during the twentieth century by about 9.5 to 10 mm/decade (Keim et al. 2005; Mauget 2006; Hayhoe et al. 2007) . Trends in precipitation from 1931 to 2000 were spatially highly variable, with coastal regions generally having larger increasing trends than more inland regions, and with negative trends in most of Connecticut and northern New Hampshire (Keim et al. 2005) (Fig. 2) . Trends in precipitation have also been variable temporally. For example, Hayhoe et al. (2007) found that these changes differed among seasons, with most of the increases occurring in fall, winter, and spring, and little change in summer. There is also some indication of a reversal of the long-term annual trend and in the differences among seasons beginning in Fig. 1 . Twentieth-century temperature change (DT100) at 73 stations in New England and New York. Changes at individual stations are indicated by the size and shape of the filled points, while the remainder of the region is described by a surface interpolation using the inverse distance weighted method based on the temperature change at each station. (From Trombulak and Wolfson 2004, Geophys. Res. Lett., Vol. 31, No. L19202, #2004 American Geophysical Union. Reproduced by permission of American Geophysical Union.) 1970; however, given the relatively short period of record and the large interdecadal variability in precipitation characteristic of the northeastern United States, these more recent trends may not be robust .
Trends in measures of precipitation intensity (such as rainfall occurring in the highest precipitation quantiles, or in 1 year recurrence interval 24 h rainfall amounts) indicate that both the intensity of precipitation and the frequency of larger precipitation events increased from 1910 to 1995 (Karl and Knight 1998; Groisman et al. 2005) and from 1948 to 2006 (Madsen and Figdor 2007) . However, Kunkel (2003) noted that frequencies of the most extreme precipitation events in the late 1800s -early 1900s were about as high as those in the 1980s-1990s. In spite of increasing precipitation during the twentieth century (Karl and Knight 1998) , during the past four decades the duration of prolonged periods without rainfall during the growing season has increased significantly over the eastern United States and adjacent areas of southeastern Canada (Groisman and Knight 2007) . This finding is consistent with a recent reversal of the century-scale trends in annual precipitation in the northeastern United States from 1970 to 2000 ) that showed decreasing precipitation in recent years.
There is no evidence for decreases in precipitation during summer in the historical record but biophysical trends are consistent with warmer and drier summers in the northeastern United States during recent decades. The growing season has lengthened during the twentieth century based on meteorological observations (Cooter and LeDuc 1995; Kunkel et al. 2004 ), records of plant phenology (Wolfe et al. 2005; Richardson et al. 2006) , and trends in evapotranspiration . As suggested by a simulation of the terrestrial hydrologic cycle, soil moisture likely declined during June through August from 1950 to 2000 over substantial parts of the northeastern United States and adjacent areas in southern Quebec, but not during other seasons (Sheffield and Wood 2008) . These declines in soil moisture during the growing season were likely due to increases in evapotranspiration and increased growing season length, rather than decreases in rainfall, because historical data do not suggest a decrease in summer rainfall during this period (Karl and Knight 1998; Hayhoe et al. 2007 ). On the other hand, for longer time periods, no evidence was found for decreases in modeled soil moisture (1915 to 2003) (Andreadis and Lettenmaier 2006) or decreases in summer streamflow for 23 unregulated streams with typical periods of record begin- ning between 1904 and 1930 and ending in 2000 (Hodgkins et al. 2005a ). Together, these findings suggest that summer drying is a recent phenomenon forced largely by increasing evapotranspiration rather than a decrease in rainfall.
Cloudiness has reportedly increased since 1950, and this increase is consistent with observed increases in precipitation and atmospheric water vapor content and decreases in diurnal temperature range (Dai 2006) . At the same time, mean cloud ceiling height for 24 stations (including six in New York and New England) along a north-south axis (458-358N) in the Appalachian Mountains increased at a rate of 4.1 ± 1.0 mÁyear -1 (mean ± 1 SE, trend significant at p 0.001) (Richardson et al. 2003) .
There are indications that the nature of winter precipitation changed during the latter half of the twentieth century at many of the United States Historical Climatology Network stations in the region, such that a higher proportion of the precipitation occurred as rainfall than as snow in more recent years (Huntington et al. 2004 ). This finding is consistent with similar observations in the northwestern United States (Knowles et al. 2006) . Observed changes in snowfall and snow cover include decreases in snowfall in New England (Hamilton et al. 2003; Huntington et al. 2004 ), a decrease in snowpack depth and an increase in snowpack density at several sites in Maine (Hodgkins and Dudley 2006) , and a decrease in total number of days with snowfall .
Climate warming during the winter and early spring may influence the timing of snowfall and the accumulation of snowpacks, snowpack depth, the number of days of snow cover, and the properties of the snowpack Burakowski et al. 2008) . Snowpacks insulate the soil, so reductions in snowpack may lead to increases in soil freezing in the near term (Shanley and Chalmers 1999) , until warming progresses to a point where soil freezing no longer occurs. These changes in snow will likely affect the intensity and depth of soil freezing and the frequency of alternating freezing and thawing events in a given winterspring season (Shanley and Chalmers 1999; Groffman et al. 2001) .
Storms
Trends in extra-tropical cyclone frequency in the North Atlantic from 1957 to 1997 indicate decreases in midlatitudes (30 to 608N) and increases in high latitudes (60 to 908N), suggesting a poleward migration of storm tracks (McCabe et al. 2001) . Similar results suggesting poleward migration of storm tracks in the North Atlantic from 1958 to 2001 were reported by Wang et al. (2006) . There are also trends in the latitudinal position of large-scale atmospheric circulation patterns, such as the Hadley Cell, towards an expansion northwards (Lu et al. 2007; Seidel et al. 2008 ). These changes have implications for storm tracks and shifts in precipitation patterns that could affect natural ecosystems, agriculture, and water resources in the northeastern United States. Major storm events, such as the 1938 hurricane and the 1998 ice storm, although rare, are important disturbance factors for forests of the region.
There is evidence for an increase in the intensity of Atlantic hurricanes (Webster et al. 2005; Hoyos et al. 2006; Klotzbach 2006 ) that is consistent with a mechanistic ex-planation based on warmer sea surface temperatures (Tuleya and Knutson 2002; Karl and Trenberth 2003) . However, there are other interpretations of the data that are less consistent with an increase in intensity or frequency of such storms (Elsner et al. 2004; Free et al. 2004; Chan and Liu 2004; Mann et al. 2007) . Uncertainties remain in understanding historical and future trends in major storms that could affect northeastern forests, making it difficult to quantify potential future vulnerabilities (Meehl et al. 2007; Trenberth et al. 2007 ).
Streamflow
Annual mean streamflows increased during the last century at 22 of 27 sites on unregulated rivers in New England, though trends at individual stations were not statistically significant (p > 0.05) (Hodgkins and Dudley 2005) . March mean streamflows increased significantly over time (p < 0.1) at 14 streamflow gaging stations in northern New England; March flows increased by 76% to 185% at the seven stations with the longest continuous records (1920s or 1930s through 2002) in areas of New England with the largest seasonal snowpacks (Hodgkins and Dudley 2005) . In contrast, May streamflows decreased significantly at 10 stations in northern New England; May flows decreased by 9% to 46% at the seven stations with the longest continuous records (Hodgkins and Dudley 2005) . Furthermore, April flows decreased in the Catskill Mountain region (Burns et al. 2007) . One interpretation of these changes in monthly flows is that they are consistent with earlier snowmelt and earlier high spring flow (spring freshet) across the region, which could result from reductions in winter snowpack or increases in late winter and early spring temperatures. These changes have led to a more uniform distribution of flow throughout the snowmelt season (Hartley and Dingman 1993) . Importantly, mean annual streamflows may be less affected by changes in climate in basins undergoing development than in basins that remain predominantly rural (DeWalle et al. 2000) .
The date by which half of the volume of water discharged between 1 January and 31 May occurs became earlier in northern and mountainous sections of Maine and New Hampshire over the average period from 1933 to 2000 (Fig. 3) . Most of the 1 to 2 week advance in timing of this winter-spring flow occurred from 1971 to 2000. The same metric indicated that streamflow center of mass became earlier in the Catskill Mountain region of New York from 1952 to 2005, shifting from early April to late March (Burns et al. 2007) . No evidence was found for decreases in summer streamflow for 23 unregulated streams with typical periods of record beginning between 1904 and 1930 and ending in 2000 (Hodgkins et al. 2005a) .
Streamflows generally increased across the New England and mid-Atlantic regions in lower and intermediate flow quantiles from 1940 (McCabe and Wolock 2002 Lins and Slack 2005) . Fewer sites showed increasing trends in the highest or maximum flow quantiles, and some sites showed decreases in maximum flows (McCabe and Wolock 2002) . Hartley and Dingman (1993) found in a New England regional analysis of streamflow records that the coefficient of variation in mean daily maximum flows increased, as did average air temperature of the watershed. They suggested that these increases may indicate the occurrence of more extreme events in the winter-spring season with climate warming. They also found that, on average, maximum flows occurred earlier in basins with higher average temperatures by approximately 5.4 days for each 1 8C.
Collins (2009) examined trends in flood series (highest annual instantaneous discharge) for 28 unregulated streams with an average record length of 75 years and continuous through 2006. He found that 25 sites had increasing flood discharges, and 40% of these were statistically significant (p < 0.1). These increases in flood peaks were notable because this region experienced reforestation during the twentieth century (Foster et al. 1998; Irland 1998) , which might otherwise have been expected to damp flood peaks. Collins (2009) and McCabe and Wolock (2002) reported that the increases in streamflow were best characterized as a step change, beginning in about 1970, rather than a gradual linear change. McCabe and Wolock (2002) noted that increases in streamflow around 1970 coincided with increases in precipitation in the eastern United States (Karl and Knight 1998) . A step change is more consistent with a climate regime change to a new state with higher average precipitation and runoff than a climate change characterized by continuously increasing average precipitation and runoff (McCabe and Wolock 2002) .
Lake and river ice
The date of ice-out (last date in the spring when a lake has ice cover) in New England advanced by an average of 1 to 2 weeks during the twentieth century (Hodgkins et al. 2002) (Fig. 4) . Similarly, the date of river ice-out in the northeastern United States advanced and the total number of days on which ice was present on rivers decreased substantially from the 1930s to 2000 (Hodgkins et al. 2005b ). The thickness of river ice on the Piscataquis River at Dover-Foxcroft, Maine, on or about 28 February decreased by about 46% from 1912 to 2001 ). Hayhoe et al. (2007) developed regional climate projections for the twenty-first century for the northeastern United States using an ensemble of nine of the latest coupled atmosphere-ocean general circulation models (AOGCMs) and three different emission scenarios. In their study, the northeastern United States was defined as an area encompassing the states of Maine, New Hampshire, Vermont, Massachusetts, Rhode Island, Connecticut, New York, New Jersey, and Pennsylvania. The emission scenarios represent low (B1), mid-high (A2), and high (A1FI) emission pathways developed for the Intergovernmental Panel on Climate Change (IPCC) (Nakicenovic et al. 2000) . For the hydrological modeling, Hayhoe et al. (2007) used monthly AOGCM temperature and precipitation fields that were statistically downscaled to daily values with a resolution of 1/88, after Wood et al. (2002) . Downscaled temperature and precipitation were then used as input to the variable infiltration capacity (VIC) model (Liang et al. 1994 (Liang et al. , 1996 Cherkauer et al. 2002 ). The VIC model simulates evapotranspiration, runoff, snow water equivalent, and soil moisture.
Model projections -climate and hydrology
Model projections indicate increasing surface air temperatures that are positively related to increasing CO 2 emissions ) and that are in close agreement with the model projections reported for this region in the IPCC Fourth Assessment Report (Meehl et al. 2007 ). Projected increases in regional mean annual surface air temperature are 2.1 to 2.9 8C by 2035-2064 and 2.9 to 5.3 8C by 2070-2099, where ranges reflect differences in emission scenarios (Fig. 5 ). Projected temperature increases are higher for summer (June-July-Aug.) than for winter (Dec.-Jan.-Feb.), in contrast to patterns observed over the last 35 years (e.g., Hayhoe et al. 2007 ). Annual total precipitation was generally projected to increase by between 5% to 8% by 2035-2064 and by 7% to 14% by 2070-2099 ( Fig. 5 ). There was less consistency in precipitation projections among models than in temperature projections. Precipitation is projected to increase most in winter, and not to increase in summer. Unlike the projected temperature trends, the seasonal patterns of projected precipitation trends are consistent with historical analyses (e.g., Hayhoe et al. 2007 ). Precipitation intensity is projected to increase in the twenty-first century in many locations around the world (Meehl et al. 2007 ), including the northeastern United States (Wehner 2004; Tebaldi et al. 2006 ). This increase is generally consistent with an intensification or acceleration of the hydrologic cycle in association with climate warming (Dai 2006; Held and Soden 2006; Huntington 2006) . In the future, winter rainfall is likely to increase, as the snow-to-rain ratio continues to decrease under warmer temperatures. Similarly, the duration and extent of snow cover are likely to decrease ) because of warmer temperatures.
Short-term (1-3 months) warm-season drought (persistent soil moisture deficits where soil water contents are <10% by volume in the surface 15 cm) frequency is expected to increase, albeit with changes that are highly variable spatially and that have been found to be highly dependent on specific model-by-emission scenario combinations ). In addition, soil parameters that control soil moisture in VIC can be difficult to identify and may be sensitive to climate gradients (e.g., Demaria et al. 2007 ). Further increases in evapotranspiration, owing to extension of the growing season, that were not modeled by Hayhoe et al. (2007) could intensify drought in the twenty-first century. Increases are expected in rates of evaporation and annual stream runoff . Average annual soil moisture content is expected to increase under the low-emission scenario (B1) by both the middle and end of the twenty-first century and to show little change under the high-emission scenario (A1FI).
The regional average number of days with snow on the ground is projected to decrease significantly, to between 1.4 and 3.5 daysÁmonth -1 , depending upon emission scenario and middle versus end of century periods, from the 5.2 daysÁmonth -1 characteristic of the 1961-1990 period . Similarly, total snow water equivalent is also expected to decrease significantly by the end of the twenty-first century under both emission scenarios . Other indicators such as the first and last frost dates, length of the growing season, and spring indices such as first leaf and first bloom were also expected to change significantly in response to air temperature in the twenty-first century ). Projections indicated that the onset of spring (based on plant phenological characteristics) would advance by an average of 10 to 14 days during the twenty-first century for the climate model-by-emission scenario combinations evaluated ), continuing the current trends (Primack et al. 2004; Wolfe et al. 2005) . (From Hodgkins et al. 2002 , Int. J. Climatol., Vol. 22, pp. 1819 -1827 
Potential implications for forest ecosystems
Changes in temperature and related variables will affect forests in a number of ways, including their geographical distributions and species composition, nutrient cycling, maple syrup production, autumn foliage, susceptibility to disease, and utility for winter recreation. Forest vegetation mapping and climate modeling indicate that major changes in forest species composition, including the virtual elimination of spruce-fir habitat and a major reduction in the area suitable for many northern hardwood species, are likely under most climate projections (Iverson et al. 2008 ). These species are most likely to be replaced by an oak-hickory forest type and various pine species but the rate of these changes is uncertain (Iverson et al. 2008) . Substantial lag times are expected before new species assemblages are established in association with a warmer climate but the rates of change will be dependent on variable dispersal or migration rates and on complex interacting stress factors such as insects, diseases, drought, fire, and other disturbances (Iverson et al. 2008) . One recent study documented forest composition change in Vermont, where the northern hardwood -boreal forest ecotone shifted upslope by 91 to 119 m between 1964 and 2004 in an apparent response to warming (Beckage et al. 2008) . Other effects of warming may include susceptibility to longer and more extreme drought and fire (Field et al. 2007; Fischlin et al. 2007) , which have historically been rare in this region. In North American boreal forest regions (Kasischke and Turetsky 2006) and Canadian forests in general (Gillett et al. 2004; Xiao and Zhuang 2007) the areas of forest burned and the frequency of fires have substantially increased in recent decades. Changing climatic conditions that enhance the drying of fuel (twigs, leaves, coarse woody debris, and standing dead trees) increase fuel flammability and lead to higher risk of fire. Warming-induced changes in hydrology could include more winter precipitation occurring as rain, increases in winter streamflow, and decreases in summer streamflow, as well as changing patterns of infiltration and recharge.
Changes in the timing and amount of precipitation will include changes in winter precipitation (rain versus snow), precipitation intensity, and the length of dry periods between precipitation events. These will have effects on forest nutrient cycling and, over the long term, on forest species composition. Decreases in amount of snow (Hamilton et al. 2003; Huntington et al. 2004; Hodgkins and Dudley 2006) affect winter recreation in the northeastern United States (Hamilton et al. 2003 (Hamilton et al. , 2007 , which is of considerable economic importance. Decreases in the ratio of snow to total precipitation (Huntington et al. 2004 ) are also of concern for winter recreation and for the timing and magnitude of high spring flow. Changes in the timing of high spring flow do not affect forests directly except in so far as related changes in river ice dynamics and ice-jam flooding may affect riparian forests (Prowse and Beltaos 2002; Hodgkins et al. 2005b ). Snowpacks typically store and slowly release water, thereby recharging groundwater and maintaining base flow. With a shift toward more winter rainfall, water storage on the land surface will likely decrease and runoff will more readily occur, providing less water for summer periods. Indirect effects of earlier high spring flows are likely to include an earlier recession to summer low flows that would contribute to an overall earlier summer drying effect. Increases in cloudiness and atmospheric water vapor (specific humidity) could decrease the diurnal temperature range (Easterling et al. 1997 ) and susceptibility to certain forest diseases and pathogens (Dukes et al. 2009 ). Increase in cloud ceiling height could influence sulfate and nitrogen loading, as well as overall moisture inputs, to higher elevation forests (Richardson et al. 2003) , especially in the spruce-fir zone, which typically occurs above about 800 m elevation.
One of the more important projected changes in climate that will affect forests involves concurrent changes in temperature and precipitation. Overall warming and lengthening of the growing season are likely to increase evapotranspiration (Huntington 2003) . We recognize that decreases in stomatal conductance with increasing CO 2 could partially offset an increase in evapotranspiration (Gedney et al. 2006) , but a synthesis of the evidence points towards increasing evapotranspiration overall (Huntington 2006 (Huntington , 2008 . Increased evapotranspiration will reduce summertime soil moisture and result in longer drought periods . Summertime drying will be exacerbated by trends towards a greater amount of precipitation confined to shorter periods with longer intervening dry periods, as has already been observed in the recent historical record (Groisman and Knight mean. Multimodel ensemble averages are shown for the SRES A1FI, A2, and B1 scenarios. Climate modeling described in Hayhoe et al. (2008). 2007; Madsen and Figdor 2007) . Decreasing soil moisture and increasing drought have strong implications for agriculture and forestry in the region through the effect of water limitation on productivity. In addition, drought-induced plant stress may increase susceptibility to insects and diseases and reduce the vibrancy of autumn coloration. Thus both forestry and tourism industries, which are essential components of the region's economy, may be adversely affected.
Climate warming and lengthening of the growing season could impact forest nutrient cycling indirectly by increasing the rate of calcium and magnesium depletion from soils. This process involves an increase in annual calcium and magnesium uptake owing to higher forest growth rates, longer growing periods, and a potential shift towards hardwoods that have greater calcium demands than the spruce and fir that they could replace (Huntington 2005) . In addition, increasing amount and intensity of precipitation coupled with potentially increasing rates of infiltration in winter ) could result in increasing rates of soil leaching and loss of calcium and magnesium.
Decreasing snow depth will alter the soil thermal regime, which, in turn, will affect the depth of soil freezing and water infiltration. Changes in soil freezing would also affect soil water movement, including timing and amount of infiltration, groundwater recharge, and surface runoff (Zhao and Gray 1999; Hardy et al. 2001) . Even a short-term effect of more extensive soil freezing due to a loss of snow pack could possibly result in more overland flow and less infiltration and recharge (e.g., Shanley and Chalmers 1999) . One possible consequence of these changes could be less groundwater to support instream flows, cool-water seeps in streams, and drinking water. Decrease in these flows could harm coldwater species that rely on these refugia (Borwick et al. 2006) .
Snow is an effective insulator of soil, and soils with a deep snowpack that develops early in the season may remain unfrozen throughout a winter with severely cold air temperatures (Stadler et al. 1996; Shanley and Chalmers 1999; Decker et al. 2003) . Conversely, if soil freezes early in the winter, a late-developing snowpack can cause soil to remain frozen for the duration of the winter (Goodrich 1982; Hardy et al. 2001) . Snowpack also moderates fluctuations in soil temperature and reduces the number of freeze-thaw events (Sutinen et al. 1996) . Alteration of winter soil conditions affects soil physical, chemical, and biological properties and processes that feed back into nutrient cycling in forested ecosystems. Soil freeze events have been linked to spring pulses of nitrate in stream water (Likens and Bormann 1995; Mitchell et al. 1996; Fitzhugh et al. 2001 Fitzhugh et al. , 2003 and to decline of sugar maple in northeastern North America (Auclair et al. 1992; Pilon et al. 1994; Boutin and Robitaille 1995) . These effects have been linked to physical disruption of the complex soil-root-microbial interactions that regulate nutrient cycling and loss . Changes in soil frost dynamics could also have profound effects on soil microbial dynamics that regulate net emissions of radiatively active (''heat trapping'') gases CO 2 , CH 4 , and N 2 0 during the winter and spring months (Groffman et al. , 2006 . Substantial uncertainty remains regarding the historical record and future projections for changes in major storm frequency, intensity, and storm track (Trenberth et al. 2007; Meehl et al. 2007 ). To the extent that climate warming could influence these variables, forests are vulnerable to potential effects of these changes. Hurricanes and ice storms, in particular, have the potential to damage forests, so that increases in storm intensity and frequency would result in more frequent disturbances to northeastern United States forests. However, the uncertainties surrounding future projections make it impossible to quantify potential risks at this time (Trenbeth et al. 2007; Meehl et al. 2007) .
Changes in the timing of high spring flow may have biological consequences, such as reduced survival of Atlantic salmon. If spring peak migration of juvenile salmon from freshwater rivers (which is controlled by a combination of photoperiod, temperature, and flow) becomes out of phase by as much as 2 weeks with optimal environmental conditions in rivers, estuaries, or the ocean, salmon survival could be adversely affected (McCormick et al. 1998) . Adverse impacts of changes in hydrologic regime are likely to be highest for those aquatic biota that are most sensitive to the timing of high spring flow (such as spring spawners). In western North America trends towards earlier snowmelt and high spring flow may have an adverse impact on water supply (Barnett et al. 2005 (Barnett et al. , 2008 . However, this may not be as important an issue in New England because, in contrast to the West, rainfall is evenly distributed throughout the year and snowmelt is not as large a component of total annual streamflow.
Changes in winter streamflows and associated river ice dynamics can cause an increase in the frequency of midwinter ice jams, resulting in major flooding, damage to infrastructure, and various ecological impacts (Prowse and Beltaos 2002) . Several studies have noted potential ecological impacts of changes in river ice regimes (Power et al. 1993; Prowse 1994; Scrimgeour et al. 1994; Prowse and Beltaos 2002; Beltao and Prowse 2009): Changes in river ice dynamics will affect channel morphology and riparian vegetation because the succession of riparian vegetation is directly linked to the scouring effects of ice. Physical disturbances associated with break-up scouring and flooding are important to nutrient and organic matter dynamics, water chemistry, and the abundance and diversity of river biota. For example, disturbances caused by midwinter ice breakup were shown to be responsible for major declines in survival of various life stages of Atlantic salmon. Ice-jam-induced flooding replenishes water, nutrients, organic matter, and sediments to riparian-associated wetlands that are disconnected from the river system except during flooding. River ice also plays an important biological role through its effect on dissolved oxygen concentrations. Following freeze-up, oxygen concentrations often decline steadily. Climate-induced decreases in the duration of the river-ice season, or increases in the size and frequency of openwater sections, could reduce the potential for biologically damaging oxygen depletion. River ice break-up may have effects on primary producers, consumers, and food-web dynamics for aquatic biota.
The US Fish and Wildlife Service uses the August median flow, determined to be 0.037 m 3 Ás -1 Ákm -2 (0.5 ft 3 /mile 2 ), as the minimum streamflow required for summertime maintenance of habitat for biota in New England streams (USFWS 1981) . Systematic trends in summer low flows towards more frequent departures below this threshold would constitute an adverse influence on habitat for sensitive aquatic biota (Schindler 2001) in New England streams. A recent analysis for the northeastern United States indicates that statistically, on average, streamflow will likely begin to drop below this threshold about 1 week earlier in the summer and begin to return above this threshold about 3 weeks later in the fall when comparing 1961 -1990 versus 2070 -2099 . Reductions in summer low flows have been reported in snowmelt-dominated regions of the western United States (Cohen and Miller 2001; Barnett et al. 2008 ) and in northern Europe (Querner et al. 1997) . Reductions in summer low flow will also likely be accompanied by increases in water temperature that will result in stress on cold-water fishes, like trout, in the next century (e.g., fig.  15 -1 in Cohen and Miller 2001) . Impacts of warmer water temperatures on cold-water fishes are expected in the western (Thompson et al. 1998; Cohen et al. 2000) and eastern (Moore et al. 1997; Schindler 2001 ) United States. Declining summer flows could also adversely affect hydroelectric power generation (Lemmen and Warren 2004) . This problem will be amplified by increasing demands for water and hydroelectric power under a warmer climate and conflicts among competing uses, including in-stream needs to retain riverine, delta, wetland, and estuarine ecosystem sustainability (Jackson et al. 2001; Lemmen and Warren 2004) .
Temperate freshwater lakes are important as sources of drinking water and as habitat for a variety of aquatic biota. Deeper lakes often host highly specialized fauna surviving since glacial times. Theoretical and observational studies suggest a vulnerability of these ecosystems to reduced mixing and ventilation due to ongoing climatic change. In one lake, Ammersee in Germany, the transient thermal response to the observed twentieth century and predicted twenty-first century climate changes is expected to be a dramatic and persistent lack of mixing starting from 2020 (Danis et al. 2004) . The resulting lack of oxygenation will irreversibly destroy the deepwater fauna that has prevailed for the last 15 000 years. Changes in the timing of lake ice-out can influence the rate of summer oxygen depletion (Stewart 1976) and the productivity and abundance of phytoplankton (Maeda and Ichimura 1973) and higher trophic levels (Porter et al. 1996) . Although these studies have not been conducted in New England, these results may give an indication of the potentially diverse effects of climate change on aquatic systems. In terms of economic consequences, decreases in the thickness and duration of lake ice would adversely affect winter recreation such as snowmobiling and ice fishing.
Summary
Indicators of climate change over the last century in the northeastern United States include warmer temperatures (more pronounced changes in winter than summer), increases in precipitation, and changes in the timing and intensity of precipitation. Many studies indicate that these changes have been most pronounced in the last few decades, particularly since about 1970. Climate models suggest that these trends are expected to continue, with potential increases of as much as 5 8C in mean annual temperature and 10% in annual precipitation by the end of this century . Hydrological consequences of ongoing and projected climate change will likely include increased summertime evapotranspiration, earlier spring streamflow peaks, reduced summer streamflow, and reduced winter ice cover on lakes and streams. The biological consequences of these climatological and hydrological changes will probably include shifts in phenology, increases in soil freezing and fine-root damage, and reduced habitat quality for aquatic organisms. Other consequences with particular significance to forests may include more frequent and intense drought and increasing risk of fire. Over the longer term warming and drying may be expected to exert pressures on forest ecosystems towards changes in species composition and changes in assemblages of pests and diseases.
